The brain is an endocrine organ, sensitive to the rhythmic changes in sex hormone 2 production that occurs in most mammalian species. In rodents and nonhuman primates, 3 estrogen and progesterone's impact on the brain is evident across a range of 4 spatiotemporal scales. Yet, the influence of sex hormones on the functional architecture of 5 the human brain is largely unknown. In this dense-sampling, deep phenotyping study, we 6 examine the extent to which endogenous fluctuations in sex hormones alter intrinsic brain 7 networks at rest in a woman who underwent brain imaging and venipuncture for 30 8 consecutive days. Standardized regression analyses illustrate estrogen and progesterone's 9 widespread influence on cortical dynamics. Time-lagged analyses examined the 10 directionality of these relationships and reveal estrogen's ability to drive connectivity 11 across major functional brain networks, including the Default Mode and Dorsal Attention 12 Networks, whose hubs are densely populated with estrogen receptors. These results 13 reveal the rhythmic nature in which brain networks reorganize across the human 14 menstrual cycle. Neuroimaging studies that densely sample the individual connectome 15 have begun to transform our understanding of the brain's functional organization. As 16 these results indicate, taking endocrine factors into account is critical for fully 17 understanding the intrinsic dynamics of the human brain. The brain is an endocrine organ whose day-to-day function is intimately tied to the action 20 of neuromodulatory hormones [1] [2] [3] [4] . Yet, the study of brain-hormone interactions in human 21 neuroscience has often been woefully myopic in scope: the classical approach of 22 interrogating the brain involves collecting data at a single time point from multiple 23 subjects and averaging across individuals to provide evidence for a 24 hormone-brain-behavior relationship. This cross-sectional approach obscures the rich, 25 rhythmic nature of endogenous hormone production. A promising trend in network 26 neuroscience is to flip the cross-sectional model by tracking small samples of individuals 27 over timescales of weeks, months, or years to provide insight into how biological, 28 behavioral, and state-dependent factors influence intra-and inter-individual variability in 29 the brain's intrinsic network organization [5] [6] [7] . Neuroimaging studies that densely sample 30 the individual connectome are beginning to transform our understanding of the dynamics 31 of human brain organization. However, these studies commonly overlook sex steroid 32 hormones as a source of variability-a surprising omission given that sex hormones are 33 powerful neuromodulators that display stable circadian, infradian, and circannual 34 rhythms in nearly all mammalian species. In the present study, we illustrate robust, 35 time-dependent interactions between the sex steroid hormones 17β-estradiol and 36 progesterone and the functional network organization of the brain over a complete 37 menstrual cycle, offering compelling evidence that sex hormones drive widespread 38 patterns of connectivity in the human brain. 39 4
Introduction

Time-synchronous associations between sex hormones and 90
whole-brain functional connectivity 91 To begin, we tested the hypothesis that whole-brain functional connectivity at rest is 92 associated with intrinsic fluctuations in estradiol and progesterone in a time-synchronous Z-scored and models were empirically thresholded against 10,000 iterations of 150 nonparametric permutation testing. Surviving edges were significant at the p < .001 level.
151
When predicting edgewise connectivity states, a powerful disparity emerged between 152 the brain's autoregressive effects and the effects of estradiol. We observed vast, 153 whole-brain associations with prior hormonal states, both at lag 1 and lag 2 ( Figure 3A) . 154 Perhaps most immediately striking, the sign of these brain-hormone associations inverts 155 between lags, such that it is predominantly positive at lag 1 and predominantly negative 156 at lag 2-this holds for all networks when considering their nodal association strengths Figure 2) . Moreover-and importantly-none of the edges that predicted 168 estradiol were also significantly predicted by estradiol at either lag (i.e. there was no 169 evidence of mutual modulation at any network edge). Given the findings above, we applied the same time-lagged framework to topological states 173 of brain networks in order to better capture the directionality and extent of brain-hormone 174 interactions at the network level. These states were quantified using common graph 175 theory metrics: namely, the participation coefficient (an estimate of between-network 176 integration) and global efficiency (an estimate of within-network integration). As before, all 177 data were Z-scored prior to VAR estimation, and model parameters/fit were compared 178 against 10,000 iterations of nonparametric permutation testing. We focus on significant 179 network-level effects below, but a full documentation of our findings is available in -0.48 0.18 -2.65 (.007) R 2 = 0.67 (p = .0001); RMSE = 0.59 (p = .0009) Note. p-values empirically-derived via 10,000 iterations of nonparametric permutation testing.
Estradiol and between-network participation 182
As expected, estradiol demonstrated significant autoregressive effects across all models. Supplementary Table 1) . Interestingly, for all three of these networks, there were no 195 significant autoregressive effects of brain states-previous states of network participation 196 also did not predict estradiol, suggesting that modulation of network topology likely goes 197 from hormones to brain, not the other way around.
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Figure 4. Dorsal Attention Network topology is driven by previous states of estradiol.
Observed data (solid lines) vs. VAR model fits (dotted lines) for between-network participation (B, middle) and within-network efficiency (C, right) in the Dorsal Attention Network (A, left). Timeseries for each network statistic are depicted above in (B,C) and estradiol for each VAR is plotted below. Data are in standardized units and begin at experiment day three, given the second-order VAR (lag of two days).
The single exception to this trend was the Visual Network. Prediction of its 199 between-network participation yielded a significant model fit (R 2 = 0.37, p = .024;
200
RM SE = 0.79, p = .044). However, this was primarily driven by autoregressive effects of 201 the network at lag 1 (b = −0.39, SE = 0.17, t = −2.30, p = .027) and lag 2 (b = −0.43, 202 SE = 0.17, t = −2.46, p = .024); estradiol yielded a marginal (but nonsignificant) effect 203 only at lag 2 (b = 0.49, SE = 0.24, t = 2.01, p = .058).
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Estradiol and global efficiency 205 In contrast to between-network integration, estradiol was a strong predictor of 206 within-network integration, both in terms of parameter estimates and overall fit. Here, the 207 Default Mode Network provided the best-fitting model (R 2 = 0.50, p = .003; 208 RM SE = 0.70, p = .022; Figure 5A-B) . As before, estradiol demonstrated significant 209 autoregressive effects at lag 1 (b = 1.15, SE = 0.19, t = 6.15, p < .0001) and lag 2 210 (b = −0.48, SE = 0.19, t = −2.50, p = .012). When predicting DMN efficiency, previous 211 states of estradiol remained significant both at lag 1 (b = 0.98, SE = 0.23, t = 3.37, 212 p = .0003) and at lag 2 (b = −0.93, SE = 0.23, t = −4.00, p = .002). Critically, these effects 213 were purely directional: prior states of Default Mode efficiency did not predict estradiol, 214 nor did they have significant autoregressive effects, supporting the conclusion that 215 variance in topological network states (perhaps within-network integration, in particular) 216 is primarily accounted for by estradiol-not the other way around ( Table 3) . 217 We observed a similar pattern of results in the Dorsal Attention Network (R 2 = 0.37, 218 p = .022; RM SE = 0.77, p = .023; Figure 4C ; Table 3 ). Estradiol again demonstrated 219 significant autoregressive effects at lag 1 (b = 1.17, SE = 0.19, t = 6.30, p < .0001) and lag -0.48 0.18 -2.49 (.011) R 2 = 0.68 (p <.0001); RMSE = 0.57 (p = .0004) Note. p-values empirically-derived via 10,000 iterations of nonparametric permutation testing. t = −2.57, p = .017). As above, Dorsal Attention efficiency had no significant effects on 223 estradiol, nor were there significant autoregressive effects of the network on itself.
224
The Control and Temporal Parietal networks also yielded partial support for 225 time-dependent modulation of efficiency by estradiol (Control R 2 = 0.34, p = .039;
226
Temporal Parietal R 2 = 0.36, p = .026). The time-lagged effects of estradiol followed the 227 trends observed above; however, the overall model fit (with respect to prediction error) 228 was not significantly better than their empirical nulls (Control RM SE = 0.83, p = .133;
229
Temporal Parietal RM SE = 0.79, p = .057). Estradiol did not explain a significant 230 proportion of variance in efficiency for any other networks (see Supplementary Table 2 231 for a complete summary of VAR models for global efficiency). Mode Network (A, left) . The efficiency timeseries is depicted above in (B) and estradiol is plotted below. Data are in standardized units and begin at experiment day three, given the second-order VAR (lag of two days).
In this dense-sampling, deep-phenotyping project, a naturally-cycling female underwent spatially-diffuse negative relationships between progesterone and coherence across the 296 brain, while estradiol enhanced the global efficiency of discrete networks along with 297 between-network integration. Our results illuminate how simultaneous, 
Behavioral assessments 445
To monitor state-dependent mood and lifestyle measures over the cycle, the following 446 scales (adapted to reflect the past 24 hours) were administered each morning: Perceived 447 Stress Scale (PSS) 74 , Pittsburgh Sleep Quality Index (PSQI) 75 , State-Trait Anxiety Inventory 448 for Adults (STAI) 76 , and Profile of Mood States (POMS) 77 . We observed very few 449 significant relationships between hormone and state-dependent measures following an 450 FDR-correction for multiple comparisons (q < .05)-and critically, none of these 451 state-dependent factors were associated with estradiol ( Figure 7A) . The participant had 452 moderate levels of anxiety as determined by STAI reference ranges; however, all other 453 measures fell within the 'normal' standard range (Figure 7B) . 
